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ABSTRACT 
Long-term and large scale investment planning decisions in two interdependent 
infrastructures, energy and transportation, will have increasingly overarching impacts on 
each other, due to rising interdependencies between the two systems such as plug-in hybrid 
electric vehicles and hybrid electric trains. Motivated by this interdependency, the National 
Energy and Transportation Planning Tool (NETPLAN) is developed. A benchmarking 
methodology is designed and then executed in order to compare the developing software with 
MARKAL and TIMES, which are existing investment planning tools that expand beyond one 
sector and are most closely related to the scope of NETPLAN. The designed stages of the 
benchmarking approach involve the philosophy, the model, and the mathematical 
formulation, and a case study is conducted in MARKAL using a consistent set of data that 
was used in NETPLAN. Results are obtained and then compared, and it is demonstrated how 
the interdependency between energy and transportation affects the investment decisions in 
NETPLAN. 
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CHAPTER 1. INTRODUCTION 
The need today is to perform national, forty-year, multi-sector (electric, fuels, and 
transportation) planning, because two interdependent infrastructures, energy and 
transportation, will be increasingly impacting each other.  These interdependencies between 
the two systems are growing with plug-in hybrid electric vehicles and hybrid electric trains. 
There are no tools which do this comprehensively. Motivated by the lack of this, an ongoing 
project known as the “21st Century National Energy and Transportation Infrastructures 
Balancing Sustainability, Costs, and Resiliency" or NETSCORE-21 for short, is being 
funded by the National Science Foundation. A product of this project is called The National 
Energy and Transportation Planning Tool (NETPLAN), and it is a long-term investment and 
operation model for the transportation and energy system; its objective is to identify optimal 
infrastructure designs in terms of future power generation technologies, energy transport and 
storage, and hybrid-electric transportation systems, with balance in sustainability, costs, and 
resiliency. Therefore, NETPLAN is multiobjective software where different portfolios are 
evaluated for those critical infrastructures.  
Many successful businesses implement a methodology called benchmarking in order 
to identify organizations that are leaders in a specific areas and thus to compare their product 
versus the current ones to find strengths and weaknesses and to adopt the best practices. For 
instance; NASA has the same basic Human Resources principles to hire and developing 
employees as does American Express. British Telecom has the same Customer Satisfaction 
Survey process as Brooklyn Union Gas [1]. Therefore, NETSCORE-21 project needs to 
identify the leaders’ software in order to do a comparison to find the differences. 
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Following the benchmarking concept, we can identify that there are two tools that 
come close to NETPLAN: MARKAL and TIMES from ETSAP (Energy Technology 
Systems Analysis Program) that is an Implementing Agreement of the International Energy 
Agency (IEA). These two models are existing investment planning tools that expand beyond 
one sector and are most closely related to the scope of NETPLAN. These tools have been at 
the forefront in this area.  It has been used by individual national teams in nearly 
70 countries, following basically the same  methodology, principally based on the 
MARKAL/TIMES family of models, compiling long-term energy scenarios and   in-depth 
local, national, regional, and global energy and environmental analyses [2]. Thus we are 
interested in these tools in order to understand their strengths and weaknesses and also to 
provide a basis of comparison when we test our software NETPLAN.  
There have been many works around the world with MARKAL/TIMES. Usually, it is 
used for very long term planning for national or multinational regions such as  in [3] that 
involves a time horizon of forty years (2050) and global coverage spanning fifteen regions, 
and its representation includes about one thousand individual technologies with detailed 
demand-side models for all major end-uses in the industry, buildings and transport sectors.  
For regional analysis, the development of the energy system of European Nordic 
electricity production is presented in the doctoral thesis in [4]. A energy system model that 
covers sectors of the Portuguese energy system such as primary energy supply, electricity 
generation, industry, residential, commercial, agriculture and transport is shown in the source 
[5] for a national level. And for a local scope, the development of a least cost energy supply 
model for the Southern African community region is analyzed in [6]. For United States the 
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EPAUS9r [9] model developed for the Environmental Protection Agency is one of the most 
important. 
This work propose a benchmarking approach between NETPLAN and 
MARKAL/TIMES models in order to test our developing software and provide information 
about the strengths and weaknesses. More specifically, the objectives of this work are 
summarized as: 
1. Design a benchmarking methodology to compare the two models. 
2. Execute all the specific stages of the benchmarking approach for this work. 
3. Compare and analyze the results from both models using a consistent set of 
data. 
4. Provide complete information about the reasons for the differences.  
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CHAPTER 2. MARKAL/TIMES 
MARKAL is a large scale model used to analyze a long term period of usually 40 to 50 years 
of energy systems for a province, state, country or region, or community level. At the 
beginning of 1980’s the International Energy Agency (IEA) designed the model based on the 
GAMS (General Algebraic Modeling System), a computer language specifically developed 
to facilitate the development of algebraic models [7]. The hosts for the program are 
Brookhaven National Laboratory (BNL), in New York, USA and Kernforschungsanlage 
Jülich (KFA), Jülich, in Germany [8]. The International Energy Agency adopted MARKAL 
in 1978 and created ETSAP, the Energy Technology and Systems Analysis Program [9]. The 
model’s acronym stands for MARKet ALlocation, demonstrating the objective of its 
developers to build a tool for the analysis of the market potentials of energy technology and 
fuels. Many variations were later brought to MARKAL and cumulated in the present options 
of the model. The Integrated TIMES is an evolved version of MARKAL with new features, 
flexibilities and functions [10]. However, MARKAL and TIMES share the same basic model 
paradigm. Therefore in this work, MARKAL will be the software used in chapter 4 for a case 
study; yet it is expected that TIMES will provide the same results because both models are 
technology explicit and solve the problem through Linear Programming. The two models 
also share the multi-regional feature, which allows the modeler to construct geographically 
integrated. However, there are some features in TIMES and not in MARKAL. For instance, 
the data decoupling in TIMES that allows what all input data are specified by the modeler 
independently from the definition of the time periods employed, then the model interpolated 
or extrapolated the data with the periods, wherever required. These differences do not affect 
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the basic paradigm common to the two models. A complete description about the similarities 
and differences can be found in the source [11].  
2.1 Description of MARKAL/TIMES 
MARKAL/TIMES is a data-driven, energy systems economic-optimization model, 
which gives a technology-rich basis for estimating energy dynamics over a multi-period, 
long-term time horizon [10]. Any database built for MARKAL/TIMES has the structure of 
the energy system to be modeled, including resource supplies, energy conversion 
technologies, end use demands, the technologies used to satisfy these demands, and the data 
to characterize each of the technologies and resources used such as the fixed and variable 
costs, technology availability and performance, and pollutant emissions. All of them are 
defined by the user for each region. In addition, the modeler provides the characteristics of 
available future technologies and also the present and future the energy commodities supplies 
and their potentials [2]. MARKAL/TIMES then computes the least cost way to satisfy the 
specified demands, using straightforward linear programming methods, subject to the 
constraints defined by the user [9]. Outputs of the model include a determination of the 
portfolio of technologies for the future, and the estimation of the total system cost, 
greenhouse gas emissions and prices of the electricity [9].  
The following subsections describe in more detail several important features about 
this software. 
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2.1.1 Time horizon 
The time horizon is divided into a user-chosen number of time-periods, each model 
period containing an arbitrary, possibly different number of years. For MARKAL/TIMES all 
years in a given period are considered identical (i.e for instance all the years are 365 days). 
For  all quantities such as commodity flows, capacities,  operating levels, and so on, any 
model input or output related to a period applies to each of the years in that period, with the 
exception of investment variables, which are generally made only once in a period [2].  
 All the quantities within the initial period are fixed by the user at their historical 
values, and then the model considers it a past period and MARKAL/TIMES has no freedom 
to modify those values. After running MARKAL/TIMES, it returns outputs which when 
compared to corresponding historical outputs; point the user to adjustments which should be 
made to the model. This action is called calibration; it is an important task required when 
setting up a new model. For instance, the user can calibrate the capacities and operating 
levels of all technologies and the emissions.  
In addition to time-periods, the user may define several times divisions within a year, 
and they are called time-slices. For example, the user may want to define seasons, 
weekdays/weekend and/or day/night. Figure 1.1 [10] shows the time slices. Time-slices 
become very important whenever the mode and cost of production of a commodity or a 
technology at different times of the year are considerably different [12]. 
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Figure 2.1 Time slice tree  
 
2.1.2 Multi-regional feature 
Some existing MARKAL/TIMES models covering the overall energy system include 
up to 15 regional modules. The number of regions in a model is limited only by the 
complexity of solving the mathematical problem which is dictated by the size of the linear 
program. The individual regional modules can be linked by energy and material trading 
variables. These trade variables transform the set of regional components into a single multi-
regional energy model, where actions taken in one region may have an effect on all other 
regions [10]. 
2.1.3 A technology explicit model 
Each technology is described in MARKAL/TIMES by several technical and 
economic parameters. Then, each technology is clearly identified and can be distinguished 
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from all others in the model. A developed MARKAL/TIMES model may contain some 
thousand technologies in all sectors of the energy system such as extraction, conversion, and 
end-uses in each region. Thus, MARKAL/TIMES is not only technology-explicit, it is also 
technology-rich. The model is to a large extent data-driven due to the number of technologies 
and their related topology which may be changed entirely via data input specification, 
without the modeler ever having to change the equations of the model. [10]. 
2.1.4 Environmental emissions 
MARKAL/TIMES has the ability to track the production of emissions according to 
the activity, installed capacity, or new investment in capacity of a resource or technology.  
Emissions, such as CO2, NOx, and SO2, may be tracked by sectors. Emission constraints, 
which can be defined by the user, can take be represented as  a cap on total emissions in 
periods of time like a year, or they can be represented as a cumulative cap on emissions over 
the entire modeling horizon [9]. 
2.2 Reference Energy System (RES)  
The basis of the model framework in MARKAL/TIMES is a network diagram called 
a Reference Energy System (RES), which represents an overall energy system from resource 
suppliers to end-use demand [9]. Using this concept the energy system can be composed of a 
network of four kinds of elements: the energy resources, the technologies, the flows of 
energy forms, and the end user demand. Each energy supply technology characterizes a 
direct and linear relation between its input and its output. Similarly, end-use technologies 
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define direct linear relations between the energy input and the respective end use demand [7]. 
Figure 2.2 [13] represents a RES. 
The MARKAL/TIMES energy system consists of three kinds of entities:  
• Technologies (also called processes) are representations of physical equipment that 
convert commodities into other commodities. Processes may be primary sources of 
commodities such as oil extraction, or transformation activities such as power 
generators, energy-processing plants such as refineries, end-use demand devices such 
as trains, trucks and cars. 
• Commodities consist of materials, energy services, energy carriers, monetary flows, 
and emissions. A commodity is generally produced by one o several processes and/or 
consumed by one or other processes. 
• Commodity flows are the connections between commodities and processes. A 
commodity flow is of the same type as a commodity but is related to a particular 
process, and characterizes one input or one output of that process. For example, coal 
is a commodity, whereas coal for electricity power plants is a commodity flow. 
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Figure 2.2 Reference Energy System (RES) 
 
In MARKAL/TIMES, the boxes represents processes and the vertical lines represents 
commodities. Commodity flows are represented as horizontal links between process boxes 
and commodity lines. One process node is connected with one commodity node [10]. 
2.3 The mathematical structure of MARKAL-TIMES 
The MARKAL/TIMES model consists of a set of equations and inequalities (the 
constraints), and one objective function that typically is the total discounted cost of the 
energy system. 
Constraints and objective functions are mathematically expressed in terms of two 
types of quantities: the parameters and the decision variables. The parameters are known 
quantities which are specified and input by the users. The decision variables are unknown 
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quantities which the model has to determine. The variables and parameters are selected in 
order to enable the model to state precisely all important constraints of the system [7]. 
2.3.1 Decision variables 
In the MARKAL/TIMES model, there are various kinds of variables as given below 
[10]. The units are in energy on annual basis:  
NCAP (k,r,t): The investment in technology k, in region r at period t (PJ/year)  
(1GW=31.536PJ/year), 
CAP (k,r,t): The installed capacity of technology k, in region r at period t (PJ/year) 
ACT (k,r,t): The activity (for power plants is the generation) of technology k, in region r at 
period t (PJ) 
FLOW (c,k,r,t): the quantity of commodity c consumed or produced by process or   
technology k, in region r and period t. (PJ) 
SIN(c,k,r,t)/SOUT(c,k,r,t): the quantity of commodity c stored or discharged by storage  
Process or technology k, in region r and period t. (ton) 
TRADE(c,k,r,t,imp) and TRADE(c,k,r,t,exp): quantity of commodity c (PJ per year) sold  
(exp) or purchased (imp) by region r through export (resp. import) by process or 
technology k at period t. 
2.3.2 The objective function 
This is the principal expression that is optimized by the MARKAL/TIMES model. 
Typically it is taken to be TDSC (long term total discounted system cost). All cost (operation 
and investments) are appropriately discounted to a selected year [10]. 
Each year, the total cost contains the following elements: 
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• Capital Costs incurred for investing into and/or dismantling processes; 
• Fixed and variable annual Operation and Maintenance (O&M) Costs, and also other 
annual costs incurred during the dismantling of technologies; 
• Costs incurred for exogenous imports and for domestic resource production; 
• Revenues from exogenous exports; 
• Delivery costs for required commodities consumed by processes; 
Also, it could be included costs such as: 
• Taxes and subsidies related with commodity flows and process activities or 
investments. 
• Salvage value of processes and embedded commodities at the end of the planning 
horizon; 
2.3.3 Constraints 
Below are the constraints of MARKAL/TIMES summarized in simplified forms from 
the detailed mathematical formulations given in the MARKAL user’s manual (parameters are 
in lower case italics) [14]. 
• Flow conservation: The consumption must not exceed the availability for each energy 
flow, 
• Electricity peak reserve constraints: Installed capacity of electricity generators 
technologies must meet the peak season demand plus a reserve. Each power plant’s 
capacity may participate in the completion of this constraint to some degree. A 
capacity factor is defined from 0 to 100%, depending upon the fraction of time the 
plant is up and running at peak hours.  
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• Demand satisfaction: At each period, the demand for each energy service d must be 
met. It is the whole demand that includes losses in the transmission, distribution and 
utilization, incorporated through different parameters in the model. 
• Capacity transfer (conservation of investments): In each technology k, total capacity 
at any period results from the initial capacity plus previous investments which are still 
operative. The model takes into account the capacity resulting from all investments 
up in some time period in order to compute the available capacity to that period, some 
of which may have been made prior to the initial period but are still in operating 
condition [10]. 
• Capacity utilization:  In each technology k, its activity must not exceed its installed 
capacity at any time period t. The electricity generation technologies may have single 
annual utilization factors or seasonal factors at the sum of which should be less than 
the unity. 
• Source capacity: Use of any energy carrier of energy f  through technology k, must 
not surpass the annual availability of its capacity at any time period t. 
• Growth constraint: Capacity of each technology cannot grow by more than an 
assigned percentage per period. 
• Emission constraint: These constraints indicate the upper limit on the emission of 
certain pollutants by the system as a whole. The limits may be enforced in one or two 
ways: separately at each period, or cumulatively over the whole horizon. To make 
these constraints active, emission coefficients must have to be defined for all 
polluting technologies. 
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The Parameters associated with processes, commodities, flows and the entire energy 
system can be classified into technical, economical and policy such as efficiency, investment 
and the imports or exports of a commodity by a region respectively. 
2.3 Input and output of MARKAL/TIMES 
2.3.3 Input 
To operate, MARKAL/TIMES needs extensive data inputs which can be classified as 
the following components [7]: 
• The global component consists of data parameters that describe some aspect of the 
global energy system such as the discount rate.  
• The energy carrier component includes all energy forms in the energy system. 
• The end-use demand component contains demands for end-use energy services in the 
economy.  
• The demand technology component refers to technologies that consume energy 
carriers to meet end-use energy demands. 
• The conversion technology component indicates all load-dependent plants that 
generate electricity. 
• The process technology component indicates all load-independent processes that 
convert one energy carrier to another, excluding electricity. 
• The resource technology component refers to the means by which energy enters or 
leaves the energy system, other than end-use consumptions. 
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• The constraint component where the user can define additional constraints to the 
model.  
• The emission component includes environmental impacts of the energy system. 
Each group of data input in turn needs a set of defined information as shown in Table 
2.1 [15]. 
Table 2.1 Standard data needed for each group of data input of MARKAL/TIMES 
 
 
The user has to choose proper units for costs, energy flows, final demands, activity 
levels, and capacities. The standard units normally used are presented in Table 2.2 [7]. 
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Table 2.2 Standard units for MARKAL/TIMES 
 
 
2.3.3 Output 
A typical MARKAL/TIMES solution consists of the following results [7] [14] [15]: 
• Overall system’s discounted total cost. It is the value of the objective function of the 
model. 
• A set of investments in all technologies chosen by the model at each time period. This 
set indicates the level of new investments expressed in terms of plant capacity of each 
technology in each period. 
• A set of operating levels of all technologies at each period. MARKAL/TIMES 
proposes the optimum utilization level of each technology in each period. This is 
given in terms of percentage utilization of installed power generation capacity. 
• Quantities of each fuel produced, imported, and/or exported at each time period. 
MARKAL/TIMES gives the total quantity of each energy carrier/fuel required or 
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consumed in the energy system in each period, based on the information on plant 
capacity and utilization factors. 
• Emissions of pollutants at each period. If sufficient information about different 
emissions is provided in terms of emission coefficients for each technology, this 
output table will provide values of total emission due to the utilization of different 
technologies. 
• Implicit prices of all energy forms and energy services (their shadow prices).  
2.4 The software 
Figure 2.3 illustrates the several software that comprises the MARKAL/TIMES 
system. All the data with the assumptions are fed into data handling software that provide 
input to the model generators [2]. The model generators work in the model solution software 
environment and produce text output that is read by the results handling system. The results 
handling system gives numerical and graphical output for the user. 
 
Figure 2.3 Overview of the system for MARKAL/TIMES modeling 
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There are 3 parts in this system: the modeler, ETSAP and the third party software.  
• The modeler: The grey area. The model is a set of data files such as spreadsheets and 
databases which completely describes the essential energy system (commodities, 
resources, technologies, and demands for energy services) in a format compatible 
with MARKAL/TIMES.  
• ETSAP: The yellow area. A "shell" as ANSWER is a user interface which manages 
all features of working with a model including the input data, running of the Model 
Generator, and the results. The Model Generators are the source codes, which process 
each set of data files and generate a matrix with all the coefficients as a mathematical 
programming problem. Also, the Model Generator post-processes the optimization 
results. ANSWER has comprehensive but pre-defined output tables. ANSWER was 
initially developed by ABARE and later by Noble-Soft Systems Pty Ltd [2]. 
• Third party software: The beige area.  GAMS (General Algebraic Modeling System) 
is the computer programming language in which the MARKAL/TIMES Model 
Generator is written.  A solver is a software package incorporated with GAMS which 
solves the mathematical programming problem produced by the Model Generator [2].  
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CHAPTER 3. THE BENCHMARKING 
Benchmarking can be defined as “the systematic process of comparing an 
organization’s products, services and practices against those of competitor organizations or 
other industry leaders to determine what it is they do that allows them to achieve high levels 
of performance.” [16] 
In this thesis, the idea of benchmarking is applied to compare two different products 
which are NETPLAN and MARKAL/TIMES. This brings about the idea of product 
benchmarking which is defined as the process of designing new products or upgrades to 
current ones. This process can sometimes require reverse engineering which involves taking 
apart competitors’ products to find strengths and weaknesses [19]. 
The descriptions of the benchmarking features given below are high-level; since they 
are repeated elsewhere in chapter 4 and for NETPLAN in the doctoral thesis [17]. Rather, the 
objective of this chapter is to guide to the reader, by mentioning the features that are present 
in one model and not in the other. Also the similarities are showed. 
3.1 The process 
The most prominent methodology is the 12 stage methodology by Robert Camp (who 
wrote the first book on benchmarking in 1988) [18]. However, there is no single 
benchmarking process that has been universally adopted. The acceptance and wide appeal of 
benchmarking has led to the creation of several benchmarking methodologies [19]. 
Application of benchmarking involves four key steps [20]: Understand in detail 
existing business processes, analyze the business processes of others, compare own business 
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performance with that of others analyzed and implement the steps necessary to close the 
performance gap. 
 
Figure 3.1 Benchmarking Stages for MARKAL Vs NETPLAN 
 
Taking into account this definition the systematic process designed for this special 
work and shown in figure 3.1, contains the following stages: 
1. Philosophy: Identify the objective, goals and scope that each software is trying to 
achieve.  
2. The model: Identify the way that the physical network and its problem are 
represented. This would capture the granularity at which each software can  
analyze the problem. 
3. Mathematical formulation: The two software are based on an optimization 
problem. Therefore, a mathematical representation is necessary. These 
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representations will be compared in terms of objective functions, constraints and 
decision variables. 
4. Computational strategy: The mathematical problem is formulated and is required 
to be solved. The two software use different approaches and tools to solve the 
problem. Each computational strategy and its design depend on the scope and the 
size of the problem. 
5. Study case and results: This stage is the final and most important step of the 
comparison. The format and the aggregation of the data basically depend on the 
way the model is defined, its philosophy, the mathematical formulation and the 
software that is used to input the data and to get the results. The last are analyzed 
to determine why any identified differences exist. 
6. Close the gaps: An actual benchmarking includes the identification of the gaps, in 
order to take advantages of leading edge features and then can suggest the 
implementation to our developing software. 
3.2 The stages 
The following section describes the implementation of stages one to four. The stage 
five (study case and results) is developed in chapters 4 and 5 respectively, because of the 
importance and details that needs to be analyzed. The step six is applied each time that one 
stage is executed and the gap is observed.  
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3.2.1 Philosophy 
The MARKAL-TIMES and the NETPLAN models are investment planning tools 
over long-term, multi-period time horizon. MARKAL provides a technology-rich basis for 
estimating energy dynamics at minimum global cost. However, NETPLAN allows the user to 
design a national system integrating energy and transportation infrastructures while 
accounting for interdependencies between them, new energy supply technologies in terms of 
sustainability, resiliency and cost. This is a major model difference, underlying the fact that 
NETPLAN is a multi-objective optimization tool rather than a single-objective optimization 
as is MARKAL/TIMES. The other main difference is that NETPLAN is capable of modeling 
the transportation network system. The interest in modeling the transportation stems from the 
recognition that transportation is a heavy energy consumer, and thus it loads the energy 
system; at the same time, the energy system depends on transportation to move certain types 
of energy commodities, particularly coal.  This allows analysis of interdependencies between 
energy and transportation systems. The transportation in MARKAL/TIMES is seen as a 
demand technology capacity where energy, especially fuels, are consumed, so the demand of 
transportation is a fixed parameter. This topic will be explained and clarified in the section 
4.1. 
3.2.2 The model 
NETPLAN is designed to represent the transportation and energy interdependencies, 
thus requires a detailed modeling. Then, the system can be modeled using a generalized 
network structure where the concept of arcs and nodes allows having a very detailed model. 
The concept of granularity [21] is achieved as long as the data is given. As a result, the 
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interaction between energy and transportation shows a very realistic modeling. For instance, 
the available primary energy resources like coal is transported from the mines through trail 
and converted to the appropriate form of energy like electricity in generation plants, so this 
model captures the dynamic of the overall system. Furthermore, this representation permits to 
performance a DC power flow that indicates a more realistic operation of the electrical 
system. Therefore, the main difference lies in the fidelity with which energy transport is 
modeled. NETPLAN represents natural gas pipelines, rail and barge movement for coal, and 
electric transmission, all in terms of their operational parameters (capacity, and efficiency) as 
well as their planning parameters (investment cost), and it captures the influence on and by 
energy transport with the model dynamics. In contrast, the MARKAL/TIMES model aims to 
supply energy services at minimum global cost by simultaneously making equipment 
investment and operating, primary energy supply, and energy trade decisions by region. As a 
result, in MARKAL/TIMES the energy system is represented by regions and these are 
limited for the size of the LP problem, some existing MARKAL/TIMES models included up 
to 15 regions for an entire energy model [10]. This feature was described in the discussion of 
multi-regional features within section 2.1.2. Within each region, a reference energy system 
(RES) is defined. There are trades between the regions because not all the regions have all 
the commodities, the technologies (process) and the consumption. For example, the electric 
transmission for the electrical network and the pipelines for natural gas network could be 
defined only between the regions.  
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3.2.3 The mathematical formulation 
Both MARKAL/TIMES and NETPLAN are optimization models. Although 
NETPLAN is a multi-objective optimizer, the fitness function corresponding to cost is a cost-
minimization linear program. In this section, we compare MARKA/TIMES only to the cost-
minimization fitness function of NETPLAN, recognizing that the NETPLAN multiobjective 
formulation provides a significant extension beyond the capabilities of MARKAL/TIMES. 
Each software has an objective function, constraints, decisions variables and parameters. The 
main difference is that NETPLAN considers all the cost and investment on the transportation 
network. Table 3.1 summarizes the difference 
Table 3.1 Differences on mathematical formulation 
 MARKAL-TIMES NETPLAN 
Objective function Cost Inv + Cost Op Cost Inv + Cost Op 
 (Energy) (Energy and transportation) 
Constraints Meet energy demand  
(include the transportation 
demand) 
Meet energy demand  
  Meet transportation demand 
 Capacity constraints  
energy network 
Capacity constraints energy  
and transportation networks 
  Power flow constraints on  
electric transmission 
   
Parameters Technical, economics on  
the energy system 
Technical, economics on  
the energy system and 
transportation network 
   
Decision Variables Capacity investment on energy 
and operational flows. (trades) 
Capacity investment on energy and 
transportation (fleet and 
infrastructure), operational flows. 
  Phase angle at node, used to model 
DC power flow. 
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An important point is the approach that MARKAL/TIMES makes the trades between 
the regions. A delivery cost is assumed and is included in the operational cost to be 
minimized. In addition, the trades have capacities and the model can make investment on 
each one. Although, this representation does not take into account the entire network, the 
capacity investment and operation flows on the transportation network can be seen in 
regional terms. Also, because there is a limitation on the number of regions that can be 
modeled, then there is a limitation on the number of trades between the regions. In 
NETPLAN the transportation network is divided in two parts: the infrastructures (rail, 
locks/dams, roads and ports) and the fleet (train, barges and trucks), so all the investments 
and operational behaviors are made on them. Moreover, the constraints and decision 
variables on added to the NETPLAN model.  
On the other hand, NETPLAN has a new definition about sustainability and resiliency 
[22] [17]. This approach includes a series of events and metrics and then a Pareto front is 
analyzed. This feature is not presented in MARKAL/TIMES. 
3.2.4 Computational strategy 
Even though, the two models share the same feature such as modularity, data-driven, 
and reproducibility, NETPLAN has some unique features in order to solve a multiobjective 
optimization problem. For this an evolutionary algorithm is implemented (NSGA-II) that 
produces an approximation to the Pareto front.  Because the NSGA-II performs N solutions 
of the cost-minimization linear program (LP) for every generation (usually N=20 but can be 
more, with each LP solution requiring 15-20 minutes), and typically between 100 and 200 
generations, a parallelization scheme for the NSGA-II algorithm was developed. This 
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approach allows for the deployment of NETPLAN on machines with multiple clusters, 
greatly reducing total computation time. The software implementation of NETPLAN is 
written in C++ and it utilizes ILOG CPlex Concert Technology to perform the linear 
optimization. In MARKAL/TIMES the single optimization problem is solved through 
GAMS and an optimizer like CPLEX and several softwares are used as described in the 
section 2.4. 
An important feature such as uncertainty treatment is currently being developed in 
NETPLAN [17] and also a stochastic version of TIMES is at the planning stage [10]. 
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CHAPTER 4. STUDY CASE 
In order to perform an appropriate comparison, the same set of data that was used in 
NETPLAN for the study in [17] is adapted to the MARKAL format as much as possible. 
Adapting NETPLAN for the regions in MARKAL, and adapting MARKAL for the 
interdependency between energy and transportation representation in NETPLAN is a 
challenge that influences the input data and corresponding results. In this work, the software 
used to input the data to MARKAL is ANSWER as described in section 2.4. This software 
has to upload several Excel workbooks with several worksheets. Special format is defined 
and each worksheet has its own parameters and set of data. Then all data needs to be 
organized and transformed in Excel workbooks from raw data to a form compatible with 
MARKAL.  
Compiling compatible data for proper comparison between MARKAL and 
NETPLAN is a very difficult task that needs a guide to be executed. Therefore, the EPAUS9r 
[9] model developed by U.S. Environmental Protection Agency was taken as a model to 
follow. The following are the reasons why this model was chosen: 
• It is a complete model developed on ANSWER for MARKAL from a trustworthy 
source. 
• It has 22 workbooks that make up the database and the standardized upload sheets. 
• The system-wide parameters and their format are defined. 
• The entire model has complete documentation about how it was developed. 
Taking into account these strong reasons, the MARKAL model is developed using 
nine regions because the EPAUS9r was also built around the nine U.S. Census divisions.  
  
The U.S. Department of Energy’s Annual Energy Outlook
trustworthy information using 
divisions based on the fact that AEO is the pr
fact is observed in [17], i.e., 
is not easily transformed from the NETPLAN model 
examined within EPAUS9r.  
The number of regions of this model (nine)
regions (15) allowed in MARKAL
the MARKAL model. 
 
Figure 
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 (AEO) has complete and 
these nine divisions. Accordingly, EPAUS9r uses the same 
imary source for data populati
that AEO is the principal source of the data. Therefore, data
to the MARKAL model 
 is just below the maximum number of 
. Figure 4.1 [23] shows the nine census divisions
4.1 The nine U.S. Census divisions 
ons. The same 
 that 
can be 
 used for 
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Each of the nine regions in the database has its own conventional Reference Energy 
System (RES) [9].  The nine RES structures are then interconnected through a series of trade 
technology links. For instance, electricity from region 1 can be traded for use in region 5.  
The states belonging to each region are shown in Table 4.1. 
Table 4.1 The nine regions and the states 
  Regions States 
R1 New England NH,VT,ME,MA,RI,CT 
R2 Middle Atlantic NY, PA, NJ 
R3 East North Central WI, IL, MI, IN, OH 
R4 West North 
Central ND,SD,NE,KS,MN,IA,MO 
R5 South Atlantic  WV,VA,DE,MD,DC,NC,SC,GA,FL 
R6 East South Central KY, TN,MS,AL 
R7 West South 
Central OK,AR,TX,LA 
R8 Mountain MT,ID,WY,NV,UT,CO,AZ,NM 
R9 Pacific WA,OR,CA,AK,HI 
 
In addition to the nine interconnected RES structures, there is a “dummy” supply 
region named R0, for coal, oil, natural gas, and all imports [9].   
4.1 Transforming energy system data 
In NETPLAN, the energy system has four different, but interconnected subsystems: 
coal, natural gas, electricity and petroleum. The following sections describe how the energy 
system data was transformed. 
4.1.1 Coal subsystem 
In NETPLAN, coal is the only commodity that has a direct connection with the 
energy system. Therefore, coal production and consumption are treated as part of the energy 
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network and its transportation is included in the transportation system modeling. 
Geographically, the production and movement of coal is represented at the state level. Then, 
the coal produced at each state is treated as a separate commodity, hence increasing the 
complexity of the model. Therefore, in NETPLAN, an aggregation is done based on the 
different coal regions. The major coal production hubs in the United States are referred to as 
Appalachia, Interior and West. They were proposed by the Energy Information 
Administration in its “Coal Transportation: Rates and Trends" report [24]. In addition, there 
are four typical types of coal [25] taking into account production costs, heat content, and 
sulfur and ash content and each type is assigned to each region. Table 4.2 [17] presents the 
different types of coal. These four kinds of coals are treated as four different commodities in 
NETPLAN and then, they become part of the transportation network by assigning a demand 
node in every state. Finally, a node is connected between a fictitious coal supplying node and 
each of the state nodes, represents the node productions at the mines. The state production 
nodes are then connected to their equivalent nodes in the transportation network. 
Table 4.2 Representation of coal types as commodities 
 
 
The data for coal in MARKAL needs to be aggregated into the nine regions, for 
instance, Table 4.3 shows the average cost for coal production.  Hence, the strategy used for 
the EPAUS9r model is to take the Region 0 (the dummy) as the domestic mined coal supply 
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and thus, it represents the mines and the several types of coal.  Through a series of import 
trades, coal is moved to each of the model regions.  Figure 4.2 shows the different 
movements of coal to regions where the price will depend on the type of coal extracted from 
the mine and the distance between the actual location of the mine and the imported region. 
This is called the “delivery cost” within MARKAL. For instance, the imports of coal from 
Powder River Basin (which belongs to region 0) to region 8 (Mountain) has a low delivery 
cost because they geographically belong to the same region, but it will have a high delivery 
cost to New England region because of the long distance between the mine and the demand. 
Table 4.3 Average cost for coal production 
Coal Regions Coal Fields States Mine prices (2008 $/short ton) Average (2008$/short ton) 
Appalachia Northern AppalachiaMD, OH, 
PA, 
Northern 
WV 
42.19 41.4 50.77 43.95 44.57 
Central AppalachiaEastern 
KY, VA, 
Southern 
WV 
56.63 84.57 65.8  69 
Southern AppalachiaAL, TN1 71.31 48.94   60.12 
Interior Illinois Basin Western 
KY, IL, 
IN 
35.53 40.3 34.95  36.92 
Gulf Coast Lignite TX, LA, 
MS 
18.16    18.16 
Other Western InteriorAR, IA, 
KS, MO, 
OK 
   47.72 47.72 
West Powder River BasinWY, MT 11.39 12.31   11.85 
North Dakota LigniteND 12.92    12.92 
Southwest AZ, NM    33.16 33.16 
Rockies CO, UT 32.67 26.39   29.53 
Northwest AK, WA           
 
Average values for coal production capacities and costs are reported “Annual Coal 
Report" [26] by EIA, more details are found in [27] and [28]. Table 4.2 summarizes the 
aggregation of the data for cost production. 
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Figure 4.2 Movement of coal to regions 
 
The other data such as time steps, investments in capacity production, and import 
were taken from NETPLAN. Therefore, they are the same in the MARKAL model. Coal is 
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expressed in year steps, the initial production capacity is available for the entire length of the 
simulation and international trade of coal is excluded from the model. 
4.1.2 Natural gas subsystem 
For both models, data from production, transshipment and consumption can be 
implemented. The main difference between the two softwares is the way in which natural gas 
pipelines are represented. No upgrades or retirement of existing facilities are considered in 
the model. 
The state level data from NETPLAN for the production [29] and cost [30] [31] of 
natural gas is aggregated into the nine regions in MARKAL. Two more off-shore production 
areas are considered. One is the Gulf of Mexico (FG), and it is added to the Region 5 (South 
Atlantic). The other one is the Federal Pacific (FP) on the California coast, and it is added to 
Region 9 (Pacific). In addition, the imports from Canada [32] [33] and exports to Mexico 
[34] were modeled in MARKAL and represented in the region 0. 
The state-by-state representation of pipeline transshipment system is used in 
NETPLAN. The strategy applied in MARKAL for the nine regions takes into account the 
EPAUS9r model idea, by using the natural gas capacity between region from neighboring 
region [35].  Table 4.4 shows the aggregation of the data. 
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Table 4.4 Capacity of the pipelines between the nine regions 
 
 
 
The consumption data [36] was recalculated for the MARKAL regions by 
aggregating state data to the region level. Non-power demand is considered in NETPLAN 
and a 1% annual load increase is assumed. An average heat content of 1.031 million Btu per 
thousand cubic feet is used. So, these assumptions were implemented in MARKAL. 
4.1.3 Electric subsystem 
The area of study in NETPLAN is divided using the supply regions defined by the 
North American Electric Reliability Corporation. This division contains 13 regions. In 
Markal, the aggregation used is shown in Table 4.5.   
From / To 1 2 3 4 5 6 7 8 9 Mexico Total
1 0
2 1015.43 1015.43
3 314.6422 3484.655 3799.297
4 5682.686 5682.686
5 3432.46 3432.46
6 3595.615 1948.156 5543.772
7 5246.735 9633.014 204.4813 15084.23
8 314.9258 2179.05 3688.609 204.4813 6387.066
9 301.125 301.125
Canada 348.7871 924.9301 1775.75 2736.62 611.76 6397.847
Total 1364.217 4672.032 9278.301 7337.411 5432.812 9633.014 2179.05 2736.62 4300.369 710.0877
Natural Gas Trade Link Capacity from R to R (billion ft3/year)
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Table 4.5Aggregation of the electrical regions in MARKAL 
 
 
The average and peak demand by the 13 regions is calculated from data obtained at 
state level [37] and then aggregated to the nine regions in MARKAL.  All the data from the 
source [17] is aggregated as indicated by Table 4.5. In the same way the capacities of the 
electrical power between regions are aggregated in the regions in MARKAL. For 
transmission lines, NETPLAN uses the concept of available transfer capability (ATC) based 
on the NEMS model. ATC is the ability of a transmission line to reliably transfer electric 
power in a network. This capacity depends not only on the physical and technical limits of 
the individual lines but also on the topology of the network and its operating constraints [17].  
For the two models, a 1% annual load increase is assumed. In addition, imports and 
exports to Canada are not considered. 
Regions in MARKAL
R1 New England NE New England Power Pool
R2 Middle Atlantic MAAC Mid-Atlantic Area Council NY New York Power Pool
R3 East North Central ECAR East Central Area Reliability Coordination Agreement
MAIN Mid-America 
Interconnected Network
R4 West North Central MAPP Mid-Continent Area Power Pool
R5 South Atlantic FL Florida subregion of SERC
R6 East South Central SPP Southwest Power Pool
R7 West South Central ERCOT Electric Reliability
 Council of Texas
R8 Mountain NWP Northwest Pool
RA Rocky Mountain and 
Arizona-New Mexico Power 
Areas
R9 Pacific CNV California-Southern Nevada Power Area
Regions in NETPLAN
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Fifteen technologies are considered in both the NETPLAN and in the MARKAL 
model. Table 4.6 [17] illustrates the technologies and their parameters such as investments 
cost, retirement cost, cost for the fixed operation and maintenance, the variable cost and the 
life time for each technology. The evolution of initial electric capacity by technology is 
obtained from the Annual Electric Generator Report [38]. An estimation of how the initial 
capacity will be retired is shown in Fig. 4.3 [17]. Technology data and the retirement plan for 
MARKAL is the same as the one developed for NETPLAN. 
Table 4.6 Electricity generation technologies and economic parameters 
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Figure 4.3 Evolution of initial electric capacity by technology 
 
The capacity factors are classified for two kinds of generation. In NETPLAN, all non-
intermittent generation such as coal, hydro and nuclear have a capacity factor of 0.80. Wind 
and solar are assigned capacity factors ranging from 0.3 to 0.5 and from 0.15 to 0.22, 
respectively. The aggregated values used for MARKAL are presented in Table 4.7, 
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Table 4.7 Capacity factors for wind and solar generation by region 
 
 
Table 4.8 [17] summarizes the heat rates and emissions for the technologies. In this 
work, only the CO2 emissions are evaluated. Other emissions can be considered in both 
models. 
Table 4.8 Operation and emissions by generation type 
 
 
No hydro investments are considered in either model. It is assumed that the great 
majority of hydro resources are already utilized. Storage for electrical energy is not 
represented in either model. 
 
Regions in MARKAL Wind Solar
R1 New England 0.3 0.15
R2 Middle Atlantic 0.3 0.15
R3 East North Central 0.4 0.15
R4 West North Central 0.5 0.15
R5 South Atlantic 0.3 0.22
R6 East South Central 0.4 0.2
R7 West South Central 0.4 0.2
R8 Mountain 0.3 0.175
R9 Pacific 0.3 0.22
 39 
 
4.1.4 Petroleum subsystem 
In NETPLAN, the petroleum network is simplified and it is considered as a single 
node connected to an unlimited supply. In MARKAL, Region 0 is the unlimited supply and 
is connected to each one of the nine regions, which means that petroleum modeling in both 
NETPLAN and MARKAL are the same. In both NETPLAN and MARKAL, a price of $4 
per gallon is applied to the gasoline supply (used by passenger vehicles) and $3.8 per gallon 
of diesel (used by trucks and trains). The CO2 emissions used by the Environmental 
Protection Agency are 2,421 and 2,778 grams per gallon of gasoline and diesel, respectively 
[39], and these values are applied in both models. 
4.2 Transportation system 
The transportation system modeling in the two softwares is different. NETPLAN is 
based on a multi-commodity flow formulation, and for this special model the movement of 
goods around the country is represented using five commodities. The four types of coal 
correspond to four of the commodities. They were introduced in Table 4.2. The fifth one is 
used to capture the rest of the commodities that do not have a direct relationship with the 
energy system. Reference [17] uses a methodology to process data from the “Commodity 
Flow Survey" by the Bureau of Transportation Statistics [40] so that it is compatible with 
NETPLAN, and the result is a collection of demands that will be enforced on the 
transportation system for each interstate arc. Thus, a transportation network is represented 
where each node is a state. In addition, NETPLAN divides the investment in transportation 
into two parts: infrastructure such as rail and roads, and fleet such as trains and trucks 
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respectively. Coal transportation demand will be variable and depends on the needs of the 
electricity generators.  
For MARKAL, transportation is seen as an end-user demand technology where fuels 
are consumed, so the demand of transportation is fixed. This is the most important difference 
between the two models about transportation modeling. NETPLAN has a granulated network 
representation with a fixed demand plus a variable demand due to coal transportation. This 
coal moves through the transportation network, required for the electricity generation, 
establishing a direct interdependency between the energy and transportation systems. In 
MARKAL, the coal trades (like was shown in section 4.1.1) try to represent the 
transportation of coal considering its delivery cost. For example, the importation of coal from 
Powder River Basin to region 8 (Mountain) has a low delivery cost because they 
geographically belong to the same region, but it has a high delivery cost to South Atlantic 
region.  These trades have a capacity, and an investment cost. However, they are not part of 
the transportation model and the difference between infrastructure and fleet is not explicitly 
modeled. This is represented in Figure 4.4. 
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Figure 4.4 Transportation modeling a) MARKAL b) NETPLAN  
 
Figure 4.5 clarifies this idea for MARKAL. It represents Region 0 (the supply region and 
where the model has all the mines of coal) and the arrows are the trades, with different 
widths representing differences in trade capacities. The model can invest in more capacity, 
and this could be an indicator and signal to the user about the need to invest more on 
transportation. However, in the actual transportation modeling used by MARKAL, as seen in 
Figure 4.5, the truck and rail transportation are only included within each region as a fixed 
demand and consequently as a fuel demand.  Therefore, the trades do not have a direct 
relationship with the transportation model.  
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Figure 4.5 The coal and transportation sector in MARKAL 
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Figure 4.6 The coal and transportation sector in NETPLAN 
 
In NETPLAN, a complete and granulated network is represented where the trucks 
and trains are moving through the arcs. They are circulating in a dynamic way. Figure 4.6 
captures this idea. The coal is transported from the mines located in different places to the 
demand nodes, and the coal flows are actually modeled in the transportation network. The 
amount of coal demanded depends on the power generators that use this energy commodity 
as a fuel. Therefore, in NETPLAN, the truck and train transportation contain two parts: one 
fixed amount of commodity, and a variable amount of commodity due to the coal as 
indicated in Figure 4.4 for NETPLAN. In NETPLAN, the model can invest on either 
infrastructure or fleets. The interdependency between the energy and transportation model 
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could be seen more when NETPLAN prefers to invest on a transmission electric power to 
transfer energy from one place to the other and not on a rail road system.   
In conclusion, NETPLAN brings coal from the mine using the trucks and trains to the 
power generators. In MARKAL, the coal is brought from Region 0, through trades, to the 
other regions without using the transportation model (the trucks and trains).   
With these transportation differences, it is clear that this part of the model is 
dissimilar and therefore they need different input data. For this purpose, the EPAUS9r data is 
used in MARKAL [9]. National demand for heavy truck is based on a linear extrapolation of 
EIA’s 2005 AEO data.  Regional truck data are calculated from the state level data on 
commodity shipments.  Truck freight ton-miles are determined by subtracting rail ton-miles 
from the total ton-miles for year and the freight shipments by state of origin. Regional 
distributions of truck-freight ton-miles are used as a substitute for truck vehicle-miles to 
distribute the national heavy truck. 
National demand for freight rail services is based on a linear extrapolation of EIA’s 
AEO 2005 rail ton-mile data.  Regional rail freight is calculated from state level data of tons 
shipped in rail shipments. The fraction of rail tons is determined using this information.  This 
fraction is multiplied by total ton-miles to get rail ton-miles by state, and thus summed to 
obtain regional ton-miles. 
The average fuel demand is the same for the two models. Hence, for rail is 2.67 
gallons for every thousand ton miles [41], taking into the account the characteristics of the 
terrain such as hills, mountains and plains. For truck the average fuel demand is 7.57 gallons 
per thousand ton miles [42]. 
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The CO2 emissions are related to the amount of fuel used and are the same for both 
the NETPLAN and the MARKAL models. In both models, a yearly time step is chosen for 
the transportation system. 
4.3 Passenger vehicular transportation 
In NETPLAN, a very simple model is employed to represent passenger vehicle 
transportation. There are two types of vehicles: a conventional gasoline and a plug-in hybrid 
electric vehicle. The demand of new vehicles in the United States in 2008 was determined by 
the “Transportation Energy Data Book" [43]. It was 205,239 million vehicles. In NETPLAN, 
this value is assumed to be distributed among the 13 regions in proportion to the electricity 
demand. In MARKAL, a similar distribution is done among the nine regions. Therefore, the 
fashion that the model and data were built for NETPLAN is the same as in the MARKAL 
philosophy, using regions and viewing cars as fuel demands. All other assumptions are the 
same for the two models. Each vehicle travels an average of 11,882 miles per year and the 
average lifetime for passenger vehicles is 12 years [43]. A 1% annual number of vehicles 
increase is assumed. 
The gasoline model is assumed to have an average performance of 23 miles per 
gallon [44] and a price of $22,651 [45]. And thus, the regular consumption is assumed to be 
516.6 gallons per vehicle per year. The gasoline demand is added to the node that represents 
gasoline demand. 
The hybrid vehicle has a 20-mile range on electric mode and then it switches to 
hybrid gasoline model and performs at 40 miles per 91 gallon during its gasoline operation 
and its purchase cost is estimated to be $38,935 [46]. The gasoline consumption for hybrid 
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vehicles is assumed to be 297.1 gallons per vehicle per year. A methodology to determine the 
energy necessary to power the all-electric mode in the PHEV is presented in [47] and then, it 
is calculated that each month a single PHEV would consume 87.1 kWh. The electricity 
demand is added to the node in NETPLAN and the region in MARKAL that represents 
electricity demand. 
In both models, the CO2 emissions related to gasoline consumption are taken into 
account in the representation of the petroleum network as well as the electricity production 
subsystem. 
4.4 Metrics 
For the two models an inflation rate of 2% is applied across the board. Discount rate 
is set to 2%. Investment cost will come from enhancing the generation technologies, 
transportation and vehicular portfolios. CO2 emissions are tracked in the two models for 
electric generators, commodity transportation and passengers. 
NETPLAN is a multiobjective model; hence it is going to minimize the overall cost, 
greenhouse gas emissions and resiliency. MARKAL TIMES is a single objective model that 
minimizes the overall cost. Therefore, the benchmarking is applied only to the minimum cost 
objective. 
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CHAPTER 5. STUDY RESULTS  
In this chapter the results from MARKAL are compared with those obtained from 
NETPLAN with the same modeling assumptions described in Chapter 4. The main objectives 
are to make sure that the NETPLAN model produces reasonable results, given its input 
assumptions and in cases where the results from the both models are different, to be able to 
identify why the differences exist. 
The results for minimum cost solution are compared. It is not possible to evaluate the 
resiliency and sustainability metrics and therefore the Pareto solution because these are 
features only available in NETPLAN.  The comparison is developed for the computational 
and overall minimum cost solution, the investment portfolios, and the energy produced. 
These portfolios have an impact over the energy system, and then the energy commodities 
are analyzed and explained. Finally, the transportation and passenger system are also 
illustrated.   
5.1 Computational and overall minimum cost solution 
The problem is solved in MARKAL with a linear programming approach having 453,258 
variables and 298,714 constraints. In NETPLAN, the energy and transportation networks are 
more granular; there the linear programming problem consists of 748,394 variables and 
472,920 constraints. 
In NETPLAN, the minimum cost solution is solved with a total cost equal to 52.3 
trillion dollars and the CO2 emissions equal 116.5 billion tons. In MARKAL, the minimum 
cost solution is solved with a total cost equal to 46.8 trillion dollars and the CO2 emissions 
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equal 110.86 billion tons. In NETPLAN the problem is solved in 17 minutes [17], while in 
MARKAL is solved in 45 minutes. The reasons for these differences will be explained in the 
following sections. 
5.2 Portfolios of the energy system 
The graph in Fig 5.1 represents the electricity investment in MARKAL and 
NETPLAN.  The two models show the same pattern in Fig. 5.1; this is principally due to the 
fact that they have very similar data with the same restrictions such as capacity factors. In 
addition, the assumptions for the initial period (2008) were the same. Both models show a 
strong investment that is executed in nuclear, geothermal and wind.  
There is a spike in investment capacity between years 25 to 28, which is consistent 
with a considerable retirement of existing combustion turbine (CT) and natural gas combined 
cycle (NGCC). This was illustrated in Fig. 4.3. MARKAL is in good agreement with 
NETPLAN for investments in nuclear, natural gas, oil and CT. Figure 5.2 shows the 
investments for these technologies in the two models. These technologies are the least 
expensive technologies in which to invest. However, there are some differences. Geothermal 
and wind are seen by MARKAL as less expensive investment technologies and for this 
reason, this model deploys more renewable technologies for electricity production, which has 
the additional attribute of  reducing the amount of coal use.  
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Figure 5.1 Electricity investments a) MARKAL b) NETPLAN 
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Figure 5.2 Electricity investment for a) Nuclear b) NGCC c) CT and d) Oil 
 
These differences are illustrated in Fig. 5.3. Coal is seen by NETPLAN as a more 
attractive energy commodity, and therefore it is the chosen resource for many demands. This 
is primarily due to the fact that NETPLAN models the coal transportation network so that it 
can “see” the dynamics of the coal passing through the regions and states. This means that 
variations in cost due to coal flows changing along different routes will be captured within 
NETPLAN (but not in MARKAL). Therefore, because transportation dynamics are 
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represented with more fidelity in NETPLAN, interdependencies between the energy and 
transportation systems can be more effectively observed. 
 
 
 
Figure 5.3 Electricity investment for a) Pulverized coal b) IPCC c) IGCC and d) Inland wind 
and e) Geothermal 
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Figure 5.4 Electricity Investment for a) Tidal b) Off-Shore wind 
 
Fig. 5.3b shows a dramatic increase in IPCC investment in NETPLAN during the last 
5 years. This is due to the terminal conditions of the investment planning in the two software 
are different. NETPLAN is using salvage value of each investment to model its residual life.  
The problem with salvage value is that it only accounts for the residual capital cost, it 
does not account for the residual production costs, that MARKAL takes into account. 
Therefore, as the optimization tool (NETPLAN) compares among technologies during the 
last few years of the planning period (40 years in our case), the ones with low investment 
costs and high production costs begin to look disproportionately better than the ones with 
high investment costs and low production costs. In this case, IPCC has a very high O&M 
cost, and so this is the reason for what we are seeing here.  
The same pattern is showed in Fig. 5.4, where NETPLAN presents some electricity 
investments on Tidal and Off-Shore wind in the last 5 years. 
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Figure 5.5 Energy generated A) MARKAL b) NETPLAN 
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Figure 5.6 Energy generated for a) Pulverized coal b) IGCC c)  Inland Wind d) Geothermal 
 
We observe in Fig. 5.5 the energy produced in NETPLAN by coal technologies 
(pulverized coal, IGCC, and IPCC) is more than the energy produced by coal technologies in 
MARKAL, and the energy produced in NETPLAN by renewable technologies (inland wind 
and geothermal) is less than the energy produced by renewable technologies in MARKAL. It 
means that the way that the models represent the operation of the system can change the 
fashion that they invest.   
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The energy generated is shown in a more refined fashion in Fig. 5.6. In the early 
years, the investment of the MARKAL model is more in wind and geothermal.  The 
agreement is good in the later periods. Although investment and operation on coal 
technologies in MARKAL is being reduced, it is interesting to see that IGCC is almost the 
same as in NETPLAN.  This is due to IGCC being more efficient than the other two coal 
technologies 
In the two models, the electricity generation behavior has a direct impact on the 
production of coal. However, it was seen in MARKAL that the coal generation is less than in 
NETPLAN and therefore the amount of coal extracted and imported from the mines is lower. 
Figure 5.7 shows the production of the four different kinds of coal for MARKAL and 
NETPLAN. The subbitumionus is the most produced type of coal in the two models.  
In NETPLAN, the high penetration of coal produces an increment of demand of coal 
between the first and the second year. The reason why NETPLAN invests more than 
MARKAL in coal is explained as follows. Coal is one of the least-cost ways to supply energy 
in Florida, but the transportation capacity in the network is insufficient. As a result, 
NETPLAN invests to increase transportation capacity to Florida so that it can use coal in 
supplying Florida’s electric energy needs. On the other hand, MARKAL, in representing 
only regions, does not provide a granular representation of the transportation network, and 
therefore does not have the option to increase coal transportation capacity to Florida. Thus 
there is not an investment in coal, and therefore there in not an initial increment of coal 
production. This behavior of the coal production shows the relationship between the energy 
system and transportation in NETPLAN. 
. 
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Figure 5.7 Coal production a) MARKAL b) NETPLAN 
 
MARKAL natural gas usage is in good agreement with NETPLAN. Figures 5.2 and 
5.5 show that the investment and the energy generated are almost the same in the two 
models. Reference [17] reported that input data for imports from Canada are overestimated. 
For this reason, in NETPLAN, the domestic production and the pipelines do not achieve their 
maximum capacity, so that the network representation does not have any impact over the 
investment and operation of the energy system. Therefore, there is not any significant 
difference between the two models 
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In order to be able to compare electricity prices, a new aggregation strategy is used. 
The strategy consists to add all the electrical thirteen regions from NETPLAN and the nine 
regions from MARKAL in only four regions: West, Midwest, Northeast and South. Figure 
5.8  illustrates the regions. 
 
 
Figure 5.8 The four aggregated regions 
 
Box plots are used to analyze the results. A box plot is a descriptive statistic tool that 
provides an excellent visual summary of the important and useful aspects of a distribution. 
Although histograms can be used to illustrate  distribution, box plots are more effective for 
comparing several distributions simultaneously. The usual five statistical measures showed in 
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the box plots are median, upper quartile, lower quartile and the maximum and minimum data 
points. Figure 5.9 illustrates a typical box plot and its meaning. 
 
 
Figure 5.9 A typical box plot with the statistical measures 
 
The attributes of the box plot are: 
• The median:  It is the center line in the box and locates the sample median. It 
splits the data in two equal parts. 
• The 75th percentile: It is the upper hinge. It represents the third quartile.  
• The 25th percentile: It is the lower hinge. It represents the first quartile. 
• The box locates the middle 50% of the data is called IQR (Interquartile 
Range).  
• The maximum and minimum values are the inner and outer fence respectively. 
In general, they are the end of the vertical lines and extend to a maximum of 
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1.5 times the inter-quintile range. The only exception is when there are 
outliers. 
• The outliers are the points outside the end of the fences. 
• A good quantifier of the distribution’s spread is the length of the box and 
distance from the upper fence to the lower fence.  
• If the median line within the box is not equidistant from the hinges, then the 
data is skewed. When the center line (median) is close to the lower hinge (first 
quartile), it means that it is a positive skewed. In contrast, a negative skewed 
distribution is represented when the center line (median) is close to the upper 
hinge (third quartile). 
If the median coincides with either the upper or lower hinge could be that there are a 
lot of data with the same value, for instance, a homogeneous distribution. 
Taking into account these definitions and the four regions, Figs. 5.10 and 5.11 show 
the electricity prices distribution for MARKAL and NETPLAN by decades. There seems to 
be a decreasing trend in all the plots, the length of the boxes tends to be quite the same, and 
the level of prices is similar for the two models. The reason is that the electric generation 
technologies portfolio is being entirely transformed along the simulation span, and since the 
objective is minimization of cost, it is reasonable that prices tend to decrease and stabilize. 
For example, the most expensive prices at the beginning are located in the South and North 
East while the least expensive ones are located in the west, but at the end of the forty years 
the electricity prices are very similar for the four regions and lower than at the beginning. 
It is common for the four regions that during the first decade the box with the fences 
for NETPLAN is located above that of MARKAL. The intuition here is that NETPLAN uses 
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more coal whereas MARKAL uses more renewable, which reflects the higher electricity 
prices in NETPLAN (the input data shows pulverized coal plants as more expensive than 
inland wind plants).  
During the second decade, the locations of the boxes are similar, and the lengths of 
the boxes are smaller than in the first decade; it means that electricity prices now tend to be 
more similar.  
The third decade shows the same behavior for the two models. This results is in a 
good agreement with the electricity generation behavior illustrated in figures 5.4 and 5.6 
where the coal generation and renewable are almost the same. This similarity is very strong 
in Midwest and West regions, where the median coincides with the lower and upper hinge 
respectively. It means that there are many price data points with the same value. 
In the last decade, the length of the boxes and the distance between the fences is 
smaller than the others, so the spread of the price distribution is quite small. It means that the 
electricity price mass is more concentrated and therefore more predictable. 
The spread of the distribution depends on how much coal, natural gas or renewable 
each region uses. For instance, in the South geothermal and wind have a deep penetration 
causing more spread distribution than in North East where coal is mainly used. However, this 
work does not consider any uncertainty modeling at all, if we did so, the volatility of prices 
of the energy commodities such as petroleum, natural gas and coal becomes an important 
source of variability. 
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Figure 5.10 Distribution of electricity prices by decades a) Midwest b) North East 
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Figure 5.11 Distribution of electricity prices by decades c) West d) South 
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5.3 Transportation system 
The way that the data was determined and defined for the two models was different, 
mainly driven for the models philosophy, and obviously the results gotten are different. In the 
source [17], the author reported that the diesel demand from rail was overestimated by 40% 
compared with actual data from AEO, and explains that one of the causes that contributes to 
this difference could be the fashion that interstate connections were defined between the 
centers of population of the states, which causes the number of total miles, and therefore the 
number of ton-miles transported to be larger than the actual mileage for rail. In MARKAL, 
the data was obtained from EPAUS9r model, which has been calibrated for years and 
obviously has a good approximation to the actual transportation consumption. For this 
reason, In MARKAL, the total diesel consumption for trucks and rail are a 30% lower than 
NETPLAN and this will have impact on the total emissions counted by the model. 
The other difference is that in NETPLAN, there is an investment in the second year, 
which is induced by coal transportation as was shown earlier. MARKAL and its regions 
model does not allow seeing this kind of investment. The reasons were explained in detailed 
in section 4.1. 
5.4 Passenger vehicular transportation 
The model used to input the data in both models was with the same idea, actually 
with the MARKAL definition (Regions and passenger vehicles as a fuel consumption), 
therefore the results were the same for MARKAL and NETPLAN. 
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Figure 5.12 shows that the gasoline vehicle is the only chosen. Hybrid cars were 
defined with costs that for the optimization are not attractive at all. Using lower prices or 
caps or economical polices as incentives could change the result for the optimization models. 
 
 
Figure 5.12 Passenger fleet portfolio MARKAL  and NETPLAN 
 
5.5 Emissions 
The amount of Carbon emission depends on the power generation technologies 
selected, and the passenger and transportation vehicles chosen. Figure 5.13 illustrates the 
evolution of CO2 emissions. The major production is by the passenger transportation, driven 
by gasoline vehicles, and it is the same in the two models.  
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In the early days, there are more CO2 emissions from the power generation in 
NETPLAN than in MARKAL. This is due to the more coal use in NETPLAN.    
The transportation sector also shows that NETPLAN has more emissions. The 
amount or diesel used was 30 % more in this model than in MARKAL as was explained in 
section 5.3. 
 
Figure 5.13 Evolution CO2 emissions a) MARKAL b) NETPLAN 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The present work proposed a benchmarking methodology to compare two investment 
planning models in analysis of long-term and large-scale energy systems: the National 
Energy and Transportation Planning tool (NETPLAN) versus MARKAL and TIMES 
models. Benchmarking stages are designed and then executed to give complete information 
about the difference between the two models.  
The two models share some similarities but the main difference is in the way that 
NETPLAN defines the interdependency between energy and transportation. In addition, 
NETPLAN is multiobjective optimization software that not just minimizes the total system 
cost as in MARKAL and TIMES, resiliency and sustainability are part of its objective 
function. A study case was used as part of the benchmarking methodology and the results 
were compared. The reasons for the differences were presented and it was demonstrated how 
the interdependency between energy and transportation affects the investment decisions in 
NETPLAN. 
Finally, using this benchmarking methodology we can test the software NETPLAN 
and to be sure that we build on currently models such as MARKAL/TIMES in 
NETSCORE21. 
6.2 Future work 
This work presented a study case from NETPLAN and its database was transformed 
to the MARKAL’s format. The other direction should be tested, i.e. a database format from 
 67 
 
MARKAL model to be transformed to the NETPLAN’s format. In addition, the source [17] 
presented that there are many areas that could be further expanded in NETPLAN, such as 
improve data and quality and quantity, additional modeling in several system and subsystem 
(Hydrogen subsystem, intermittent resources and electricity storage), more complex 
passenger and transportation modeling (for example buses and airplanes) and more emissions 
metrics (SO2, NOX). Also, policies such as cap or carbon taxes should be considered, for 
instance CAIR (Clean Air Interstate Rule Representation). 
Using the EPAUS9r database we could achieve these objectives, because we can test 
NETPLAN taking a database from MARKAL, and also EPAUS9r is a complete model with  
trusty information that have been developed for many years, obtaining good results.  
On the other hand, NETPLAN should consider the residual production costs for the 
investment and not only the residual capital costs involve in the Salvage value.  
Finally, it is recommended that NETPLAN model would be subject to a full model 
peer review. The data, the model and the results should be evaluated for experts in each one 
of these areas, and then their comments should be considered.
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